Abstract -A type of polymer-stabilized blue-phase liquid crystal, which can be used in a low-temperature environment, is proposed. The blue-phase range after polymerization was widened to more than 73°C, and the blue-phase texture is very stable even at a temperature as low as -35°C. The electro-optical performances dependence on polymer concentration was investigated. The results indicate that the saturation voltage increases and the hysteresis enhances as the polymer concentration increases. The rise and decay times could reach as low as 391 and 789 µsec, respectively. Such material also shows good electro-optical behavior at a temperature of -35°C. In addition, the Kerr constant was tested under a uniformly distributed electric field to be 2.195 nm/V 2 at room temperature and 2.077 nm/V 2 at -35°C. The Kerr constant tested under white-light illumination was 1.975 nm/V 2 , which shows a small dispersion.
Introduction
The blue phase is a special liquid-crystal phase which has been attracting more and more attention in recent years. For its double-twisted liquid-crystal arrangement and exotic amorphous fog-like structure (BP III) or the self-assembled three-dimensional cubic lattices (BP I and II), blue phase shows great promise in wide-viewing-angle, high-opticalefficiency, fast-response flat-panel displays [1] [2] [3] and other optical elements, such as tunable gratings, 4 lenses, 5, 6 and viewing-angle controllers. 7 The intriguing arrangement, for one thing, makes the blue-phase presence optically isotropic so that the blue-phase liquid-crystal (BPLC) display is alignment free; the ordered micro cubic lattices of the blue phase makes a very good laser cavity, so it is possible to be applied in a micro-laser. 8, 9 However, its narrow temperature range, normally 1-5°C, limits its applications. 10 To overcome this problem, many efforts have been made in the past 10 years, such as polymer-stabilized blue-phase liquid crystal (PSBPLC), first proposed by Kikuchi et al; 11 some special liquid crystal structures with a wide blue-phase range, e.g., the bimesogen with a higher flexoelastic ratio, proposed by Coles et al. 12 ; and the binaphthyl molecule, synthesized by Yoshizawa et al. 13 Except for those, the wide blue-phase range stabilized by nanoparticles and bent-shaped molecules were also noticed. [14] [15] [16] [17] [18] In the above several techniques, PSBPLC is widely used in devices because of its better performance. The so-called PSBPLC is such a material that was a polymer network to reinforce the defect in the blue phase, thus stabilizing the cubic structure and widening the blue-phase range. Many works on PSBPLC devices have been carried out in the past 3 years. The detailed simulations and experiments on the optimization of the electrode shape and dimensions, [1] [2] [3] 19, 20 the electric-field distribution in IPSdriven-based BPLC devices, 21 and the hysteresis effect 22, 23 have been reported. Meanwhile, many new display models based on PSBPLC have been proposed, such as the transflective [24] [25] [26] [27] [28] and the dye-doped reflective guest host. 29 Some works on the Kerr effect are also significant. [30] [31] [32] [33] In this paper, we propose a type of PSBPLC material which not only has a wide temperature range, but also is applicable in a rather-low-temperature environment. The Kerr constant and its dispersion of PSBPLC were tested under a uniformly distributed electric field. The performances of the material at -35°C were also tested to show its properties at low temperature. In the next section, we present material preparations and testing methods; the temperature range, electro-optical performances, and Kerr effect of our material are discussed in Sec. 3; the conclusions are given in the last section.
Material preparations and testing methods
The PSBPLC precursor is mixed with chiral nematic liquidcrystal (N*LC) host and acrylate-based monomers. The N*LC host is prepared by mixing the conventional NLC (∆n = 0.168) and the chiral dopant R811 (supported by Merck) with a weight ratio of 3:1. The NLC is homemade, which is mainly mixed by 4′-pentylbiphenyl- The temperature range of the PSBPLC sample was tested by a precisely controlled hot stage, with a cooling or heating rate of 0.5°C/min. The voltage-transmittance (VT) curve was measured by placing the IPS cell between two crossed polarizers. The electrode direction of the cell is oriented at +/-45°to the polarizer's transmittance axis to reach maximum transmittance. The testing wavelength is 633 nm. The cell is driven by a square-wave signal with a frequency of 1 kHz. The response time was tested by applying a saturation voltage on the cell. The rise time is defined as the time for the transmittance to changes from 10% to 90% of the maximum transmittance, and the decay time is the time that the transmittance changes from 90% to 10% of the maximum transmittance.
The Kerr constant of the material is also a key parameter to evaluate the electro-optical performance. The normal method to test the Kerr constant is always to use the IPS cell, which supplies non-uniform electric fields. [1] [2] [3] [19] [20] [21] Therefore, the configuration of electrodes and cell gaps will affect the measurement. In order to eliminate the influence of the cell structure, we use a simpler cell with just two planar electrodes, producing a uniform vertical electric field. The cell is settled obliquely with an angle θ to the propagation direction (as shown in Fig. 2 ). The oblique angle of the sample is adjusted from 5° to 55°, with a step of 5°. The real incident angle into the LC layer should be modified according to Snell's law, taking advantage of the refractive effect on the interface between the substrate and material. The average refractive index of the material tested by Abbe refractometer is 1.569; thus, the calculated angle onto the LC layer is 3.18°, corresponding to 5°onto the substrate.
The phase retardation was tested through the optical setup shown in Fig. 2 , according to the well-known Senarmont method. 31 The sample was placed between the crossed polarizer and analyzer, and a quarter-wave plate was inserted before the analyzer with its fast axis parallel to the transmittance axis of the polarizer so that the transmittance reaches a minimum at the voltage-off state. When a fieldinduced phase retardation occurs, the transmittance increases. By rotating the analyzer to reach the minimal transmittance again, the phase retardation value could be calculated by the rotation angle.
Results and discussions
Five precursors with monomer concentration of 3, 5, 7, 9, and 12 wt.% were prepared. Their phase transitions were tested before UV exposure. The blue-phase width does not exceed 8°C, and it narrows as the monomer concentration increases. Furthermore, the phase-transition temperature of BP to the isotropic state (T BP-Iso ) decreases drastically, from 39.3°C with 3 wt.% monomers to 26.4°C with 12 wt.% monomers. The reason is related to the increase in amorphous 2-EHA in the mixture, which decreases the order parameter of LCs and narrows the LC phase range. The precursors are injected into the IPS cells (electrode width: 12 µm; electrode gap: 15 µm; cell gap: 5.2 µm) and irradiated for stabilization. The temperature ranges after polymer stabilization are shown in Table 1 . In addition, the blue-phase ranges of some materials mentioned in the Introduction are also listed to facilitate the comparison. The blue-phase range drastically extends as the monomer concentration increases. When the monomer is only 3 wt.% (PSBPLC1), the BP disappears at 24.3°C and the range is 9.7°C, only about 1-2°C larger than that before polymerization. As the monomer concentration increases to 5 wt.% (PSBPLC2), an evident decreasing of T N*-BP to below -35°C and a slightly rise of T BP-Iso were observed. The BP range increases to more than 70.4°C, which is a great improvement compared to that of 3 wt.% monomers. As the monomer is keeps increasing (PSBPLC3-5), T BP-Iso increases further and T N*-BP is also lower than -35°C, which is much lower than those reported previously as listed in the table. Limited by the testing range of our temperature controller, we could not give the exact value of T N*-BP when it is lower than -35°C. The phase- transition temperatures are tested during both cooling and heating, the reversibility between chiral nematic phase to blue phase and blue phase to isotropic seems good and no super-cooling of BP I is found in PSBPLC2-5. So it is believable that the BP texture can be stabilized when the monomer concentration is higher than 5 wt.%. The textures of PSBPLC2-5 are observed by using a polarized optical microscope (POM) with the crossed polarizers at room temperature. As shown in Fig. 3 , the typical colorful platelets are presented in PSBPLC 2 and 3. The color is caused by the selective reflection of the BP domains. However, in PSBPLC4, the dimension of colorful domain is significantly smaller. As for PSBPLC5, the colorful domains are too small to be observed, leading to an almost dark field [ Fig. 3(d) ]. The difference of the domain size between the samples might be correlated to the change in polymer density in the
A 1-kHz square-wave signal is applied on PSBPLC2-5, respectively. We found that PSBPLC2 is not stable under an electric field. When the voltage rises to 55 V, the blue-phase domains are destroyed and gradually transforms to the chiral nematic phase [ Fig. 3(e) ]. The chiral nematic phase can not recover to the blue phase even after the electric field is removed for about 12 hours. Such electric instability may be caused by two aspects: (1) the loose polymer network which could not suppress the collapse of the BP lattice under a high electric field; (2) the polymer-network distortion, which destroys the original double-twisted arrangement of LCs. 34 The BP textures in the other PSBPLCs are stable against applied voltages. VT curves for the three samples, PSBPLC3-5, were tested at room temperature. For the convenience of comparison, the transmittance of the sample is normalized to the peak maximum transmittance of its own. As shown in Fig. 4 , VT curves of all samples present the same trend that the transmittance increases as the voltage rises up, and then reaches a saturation value. The result is a little different with that reported in some other publications, in which the transmittance reaches a peak value, and then decline gradually to saturation due to the small cell gap of the IPS cell; thus, the phase retardation of the entire cell is not enough to modulate one π. In addition, it is also evident that the drive voltage increases as the monomer concentration increases; and the hysteresis effect is more evident in the sample of the high polymer content, such as PSBPLC5. These results are mainly attributed to the stronger anchoring effect of the denser polymer network, which increases the rotation energy of LCs and restrains the recovery of LCs. To facilitate a comparison, we list the drive voltage at half-transmittance V 50 and the hysteresis voltage ∆V 50 of the samples in Table 2 . Comparing PSBPLC3 with PSBPLC5, it is clear that the drive voltage rises about 60 V and the hysteresis voltage increases about 3.5 times. The response time of the samples were also tested and are given in Table 2 . The decay time declines for the larger elastic constant in the sample with a denser polymer network. Besides, there is also a 20-µsec increase in rise time. We consider that the increase might be related to the larger anchoring energy to LCs in the high-polymer-content sample.
For the above results, 7 wt.% of monomer is considered as an optimal concentration. The PSBPLC3 was tested at a low temperature. The sample is slowly cooled to -35°C, and then held for 24 hours. The texture remains stable as observed by POM [as shown in Fig. 3(f) ]. The sample is kept at -35°C, and its VT curve at low temperature is tested. As shown in Fig. 5 , the voltage-modulated performance is very good. The trend of the curve is almost the same with that tested at room temperature (as shown in Fig. 4) . The drive voltage and the hysteresis voltage are 92.0 and 5.9 V, respectively. Compared with the values tested at room temperature, the drive voltage presents a small increase, about 6.2%, and the hysteresis voltage also increases about 5.4%. The rise and decay times tested at this temperature are 400 and 805 µsec, respectively (listed in Table 2 ), about 2% larger than those at room temperature. The changes on the VT curve and response time may be caused by the increasing viscosity of LCs at low temperature. In a word, PSBPLC3 is applicable at a low temperature range with good performance, and such performance is very important for those LCDs that are used outdoors in the winter.
Next, the Kerr effect of PSBPLC3 was investigated under a uniformly distributed electric field. As mentioned in Sec. 2, we used a conventional LC cell with two ITO planar electrodes on the inner surface of the substrate to produce a uniform vertical electric field. Meanwhile, the Senarmont method was applied to test the phase retardation at a certain oblique angle θ (as shown in Fig. 2 ). Figure 6 shows the electric-field-dependent birefringence at some specific oblique angles. It is evident that the birefringence increases with the strengthening of the electric field. Moreover, the birefringence shows a trend that first increases rapidly at a low electric field, and then approaches saturation gradually in the strong electric field range, coincident with the extended Kerr effect. Moreover, it also can be found that the birefringence at the voltage-off state is not exactly 0, but a certain constant of about 0.6 × 10 -3 . The small birefringence is not an occasional or experimental deviation, and we consider that it might be caused by the very small distortions of the BP lattice and the polymer network. Doping some high HTP chiral into the N*LC host suppresses the distortion, decreasing the dimensions of the BP domains or stabilizing the BP III texture may be the feasible way to solve this problem. 35, 36 Kerr constants corresponding to the certain oblique angles can be calculated through the electric-field-dependent birefringence curves. By considering the extended Kerr effect, the Kerr constant can be obtained by linearly fitting the experimental data at the weak-field region, and the slope of the straight line is the Kerr constant. Figure 7 (a) gives the tested Kerr constants at some certain oblique angles. These data fit very well with the red straight line, and a fitted equation is obtained. The equation contains two terms: one is related to the oblique angle and the other is an angle-independent small constant, only 0.005 nm/V 2 . We assume that the second term comes from the residual birefringence mentioned above. According to the fitted equation, the maximum of the Kerr constant is obtained when the oblique angle is 90°, which equals 2.195 nm/V 2 . The Kerr constant under the weak-field approximation was studied in a previous work 30 ; according to that, the equation of the oblique-angle-related Kerr constant can be expressed as (1) in which ∆n sat is the saturated birefringence, E s is the saturated electric field, and K R is the Kerr constant caused by the residual birefringence. According to the results shown in Fig. 6 , the saturation electric field can be obtained. By substituting E s = 13.6 V/µm, K R = 0.005 nm/V 2 , K 90 = 2.195 nm/V 2 , and λ = 0.633 µm into Eq. (1), we can evaluate the saturation birefringence of PSBPLC3 to be about 0.0854. We can also analyze the dependence of the Kerr constant on the polymer concentration according to Eq. (1). By increasing the polymer, ∆n sat decreases because the polymer is isotropic; however, the E s increases as tested and shown in Fig. 4 , thus it can be believed that the Kerr constant decreases drastically. Besides, the Kerr constant of PSBPLC3 at -35°C was tested, and the oblique-angle-dependent Kerr constant is shown in Fig. 7(b) . We only tested seven data points because the testing beam is blocked by the hot stage at a large oblique angle. However, these data also show good linearity and fit well with a straight line. The Kerr constant, 2.077 nm/V 2 , obtained by the fitted equation slightly decreases with increasing viscosity of the LCs for such a low temperature. LCDs usually works under white-light illumination; the Kerr effect under the white light is very important. So, we change the He-Ne laser to a broadband white light source, and then test the Kerr constant of PSBPLC3 with the same method mentioned above. The oblique-angledependent Kerr constant are shown in Fig. 7(c) . From the fitted equation, the Kerr constant under white-light illumination is about 1.975 nm/V 2 , which is about 0.22 nm/V 2 smaller than that tested with a He-Ne laser. The difference can be interpreted as the dispersion of the Kerr constant. 37 
Conclusions
The PSBPLC material which works at low temperature was fabricated. The electro-optical performances of the material were evaluated from four aspects: the temperature range, drive voltage, hysteresis voltage, and the response time.
From these evaluations, an optimal monomer concentration to fabricate PSBPLC was obtained. The VT curve and response time of the optimal material were tested at the room temperature and compared with those tested at -35°C. In addition, the Kerr constant at room temperature and -35°C were tested under a uniform electric field. From the results of the VT curve, the response time, and the Kerr constant, the low-temperature performance of the material is very good, and such a material is expected to be applied in lowtemperature environments. The Kerr constant was also tested under white-light illumination, and the result shows a slight dispersion effect on our material. 
